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ABSTRACT
We show that there can be TeV scale scalar and fermionic leptoquarks with very
weak Yukawa couplings in a generic standard–like superstring model. Leptoquark–
(down–like) quark mixing though present, is not large enough to violate the uni-
tarity bounds on the CKM matrix. The constraints on leptoquark masses and
couplings from FCNCs are easily satisfied whereas those from baryon number vi-
olation may cause problems. The leptoquarks of the model are compared to the
ones in E6 Calabi–Yau and flipped SU(5)× U(1) models.
† e–mail address: jphalyo@weizmann.bitnet
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1. Introduction
Superstring theories are [1], to date, the most promising Planck scale theories of
particle physics. In spite of their successes, one of the many drawbacks of realistic
superstring models is their loose connection to TeV or weak scale physics. TeV
(or weak) scale signs or predictions of realistic superstring models are rare even
though they can reproduce most of the known low–energy physics. It is important
to look for these signs or predictions either to make specific superstring models
more plausible or to rule them out.
In this letter, we show that, under certain conditions, there can be TeV scale
leptoquarks in a class of standard–like superstring models [3,4]. We find that these
leptoquarks have very weak (i.e. < 10−3) Yukawa couplings if at all. Supersymme-
try (SUSY) constraints in the observable and hidden sectors play an important role
in these results. One of the leptoquarks mixes with down–like quarks, but the mix-
ing is small enough to satisfy the unitarity constraints on the CKM matrix. Due
to the small leptoquark Yukawa couplings, constraints from flavor changing neu-
tral currents (FCNCs) on leptoquark masses are easily satisfied. Baryon number
violation may impose severe constraints on leptoquark masses unless the Yukawa
couplings to diquarks are absent up to very high orders. We also compare these
leptoquarks with those that arise from E6 Calabi–Yau [1] and flipped SU(5)×U(1)
[2] models and discuss their differences.
The standard–like superstring models that we consider have the following prop-
erties [3,4]:
1. N = 1 space–time SUSY.
2. A SU(3)C × SU(2)L × U(1)
n×hidden gauge group.
3. Three generations of chiral fermions and their superpartners, with the cor-
rect quantum numbers under SU(3)C × SU(2)L × U(1)Y .
4. Higgs doublets that can produce realistic electro–weak symmetry breaking.
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5. Anomaly cancellation, apart from a single “anomalous” U(1) which is can-
celed by application of the Dine–Seiberg–Witten (DSW) mechanism [5].
The superstring standard–like models are constructed in the four dimensional
free fermionic formulation [6]. The models are generated by a basis of eight
boundary condition vectors for all world–sheet fermions [3,4]. The observable
and hidden gauge groups after application of the generalized GSO projections
are SU(3)C ×U(1)C × SU(2)L×U(1)L×U(1)
6 ∗ and SU(5)H × SU(3)H ×U(1)
2,
respectively. The weak hypercharge is given by U(1)Y =
1
3
U(1)C +
1
2
U(1)L and
has the standard SO(10) embedding. The orthogonal combination is given by
U(1)Z′ = U(1)C − U(1)L. The models have six right–handed and six left–handed
horizontal symmetries U(1)rj × U(1)ℓj (j = 1, . . . , 6), which correspond to the
right–moving and left–moving world–sheet currents respectively.
A generic standard–like superstring model including the complete massless
spectrum with the quantum numbers and the cubic superpotential were presented
in Ref. [3] and will not be repeated here. The notation of Ref. [3] is used through-
out this letter.
2. SUSY constraints
In order to preserve SUSY at MP , one has to satisfy a set of F and D con-
straints. The set of F and D constraints is given by the following equations:
DA =
∑
k
QAk |χk|
2 =
−g2eφD
192pi2
Tr(QA)
1
2α′
(1a)
D′j =
∑
k
Q′jk |χk|
2 = 0 j = 1 . . . 5 (1b)
Dj =
∑
k
Qjk|χk|
2 = 0 j = C,L, 7, 8 (1c)
W =
∂W
∂ηi
= 0 (1d)
∗ U(1)C =
3
2
U(1)B−L and U(1)L = 2U(1)T3R .
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where χk and ηi are the fields that do and do not get VEVs respectively and
Qjk are their charges. (2α
′)−1 = g2M2P /8pi = M
2 ∼ (1018 GeV )2 and W is the
superpotential. From Eq. (1a) we see that, SO(10) singlet scalars must get VEVs
∼ g2M/4pi ∼ M/25 in order to preserve SUSY at MP .
The set of F constraints in the observable sector has been studied before [7].
One finds that SUSY requires 〈Φ12〉 = 〈Φ¯12〉 = 〈ξ3〉 = 0 even though the number of
fields is larger than the number of constraints. Then, one is left with only three F
constraints from the observable sector [7]. F constraints in the hidden sector which
are derived from the cubic superpotential have also been investigated recently [8].
These lead to conditions on hidden sector VEVs which are particularly strong if
one also requires realistic quark and lepton masses. Then, SUSY in the hidden
sector (at MP ) imposes 〈Hi〉 = 0 where i = 13, . . . , 26 in the notation of Ref. 3
(with at most one pair among these having non–zero VEVs in special cases) [8].
Once SUSY is dynamically broken by the hidden sector condensates, the VEVs
which vanish above can become non–zero. For broken SUSY, 〈F 〉 ∼ M2SUSY and
m3/2 ∼ M
2
SUSY /M < O(TeV ), in order to solve the hierarchy problem. For a
light gravitino (and light squark and slepton masses), i.e. m3/2 ∼ O(100 GeV ),
we need MSUSY ∼ 10
10 GeV or 〈F 〉 ∼ 1020 GeV . As a result, the VEVs which
vanished due to SUSY can now be non–zero and up to O(TeV ). Note that for a
heavy gravitino with m3/2 ∼ O(TeV ) these VEVs can be up to O(10 TeV ).
3. Leptoquarks of the model
In the massless b1+ b2+α+β+(S) sector of standard–like superstring models
there are two color triplet, electroweak singlet states, D45 and D¯45 [3,4]. Under
SU(3)C × SU(2)L × U(1)C × U(1)L, D45 and D¯45 transform as (3, 1,−1, 0) and
(3¯, 1, 1, 0) respectively. Since QY = QC/3 + QL/2 and QZ′ = QC − QL we find
that QY (D45) = QEM (D45) = −1/3 and QZ′(D45) = −1 with D¯45 having opposite
charges. Another combination ofQC andQL givesQB−L = 2QC/3 which is a gauge
symmetry in these models. Thus, QB−L(D45) = −2/3 and QB−L(D¯45) = 2/3.
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From all these quantum numbers we see thatD45 and D¯45 are actually leptoquarks.
Note that D45 and D¯45 are superfields and as a result there are two scalar and two
fermionic leptoquarks in this model.
In general one expects that D45 and D¯45 get large masses (of O(10
17 GeV )) at
the level of the cubic superpotential. Even if this is not the case D45 and D¯45 can
get large masses from higher order terms (i.e. N > 3 terms) in the superpotential
and decouple from the low–energy spectrum. In fact, in the standard–like model
under consideration, there are potential mass terms for D45 and D¯45 at the cubic
level [3,4]
WD,D¯ =
1
2
D45D¯45ξ3 +
1
2
D45H18H21 (2)
where H21 is a hidden sector state which is a 3¯ of color, ξ3 and H18 are singlets of
SU(3)C × SU(2)L×U(1)C ×U(1)L . We see that due to the SUSY constraints in
the observable and hidden sectors, i.e. since 〈ξ3〉 = 〈H18〉 = 0, D45 and D¯45 remain
massless at the cubic level of the superpotential.
As noted earlier there may be higher order terms which give large masses to
D45 and D¯45 . Higher order (N > 3) non–renormalizable contributions to the
superpotential are obtained by calculating correlators between vertex operators [9]
AN ∼ 〈V
f
1
V f
2
V b3 · · · V
b
N 〉 where V
f
i (V
b
i ) are the fermionic (bosonic) vertex oper-
ators corresponding to different fields. The non–vanishing terms are obtained by
applying the rules of Ref. [9]. First, since only H23, H25 or H24, H26 can get VEVs
due to the SUSY constraints in the hidden sector, a mass term containing H21
is not possible to any order in N . Second, H21 gets a large mass from the term
1
2
H21H22ξ1 in the cubic superpotential and decouples from the low–energy spec-
trum [3,4]. Therefore D45 cannot mix with H21 at low or imtermediate energies.
On the other hand, there are D45 D¯45 mass terms which arise from N > 3 terms
in the superpotential. At N = 5 we find a large number of terms which can be
combined to give
D45D¯45(ξ2 + ξ3)
∂W
∂ξ3
+ Φ12
∂W
∂Φ12
+ Φ¯12
∂W
∂Φ¯12
(3)
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These vanish because of the SUSY constraints, Eq. (2) and Eq. (3), which can be
written as
∂W
∂ξ3
=
∂W
∂Φ12
=
∂W
∂Φ¯12
= 0 (4)
There are many other higher order (N > 5) D45 D¯45 terms arising from the observ-
able states which are proportional to the F terms in Eq. (8) and therefore vanish.
There may be terms which are not proportional to the F terms in Eq. (8) at very
high orders. It is difficult to disregard this possibility because the number of terms
increases rapidly with the order N . Here we assume that if there are such terms
they can be made to vanish by an appropriate choice of vanishing VEVs.
When hidden sector states are taken into account, there are N = 6 terms
D45D¯45T2T¯2Φ45Φ
+
2
(ξ1 + ξ3) (5)
which give large masses to D45 and D¯45 if Φ
+
2
gets a VEV. Here T2, T¯2 are 5, 5¯ of
the hidden SU(5)H gauge group. There are no phenomenological constraints from
quark and lepton masses or quark mixing on 〈Φ+
2
〉. In addition, the SUSY F and
D constraints can be satisfied whether 〈Φ+
2
〉 vanishes or not. If 〈Φ+
2
〉 6= 0, then
generically 〈Φ+
2
〉 ∼M/10 ∼ 1017 GeV and the 〈T2T¯2〉 ∼ Λ
2
H where ΛH ∼ 10
14 GeV
is the hidden SU(5)H condensation scale [10]. This gives MD,D¯ ∼ 10
8 GeV .
Potential leptoquark mass terms arising from VEVs of Hi vanish due to the SUSY
constraints in the hidden sector, Eqs. (4).
If , on the other hand, 〈Φ+
2
〉 = 0, then the D45 D¯45 mass terms come from
the SUSY breaking VEVs. (Once again we assume that if there are N > 6 terms
similar to Eq. (9), then they can be made to vanish by an appropriate choice
of vanishing VEVs.) As mentioned earlier, the VEVs vanishing due to SUSY can
become non–zero (and up to the TeV scale) once SUSY is broken. Therefore, when
SUSY is broken, D45 and D¯45 get TeV scale masses from the cubic superpotential,
i.e. from the terms in Eq. (6) since now 〈ξ3〉 ∼ O(TeV ) (for a scenario with light
squark and lepton masses). In addition the scalar leptoquarks get contributions
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to their masses from soft SUSY breaking terms. These are generally less than
a TeV . (For the case we consider, soft SUSY breaking masses for the scalars
m0 ∼ m3/2 ∼ O(100 GeV ).) Thus, under the conditions given above, there are
two scalar and two fermionic leptoquarks with masses around the TeV scale in this
model. The lower bound on MD,D¯ from direct leptoquark searches is 45 GeV [12]
which is easily satisfied.
The fermionic leptoquarks may mix with down–like quarks. In this model,
there is a dc3D45 mixing term of the form
dc3D45N3Φ13Φ
+
3
(ξ1 + ξ2 + ξ3) (6)
Similar mixing terms for the other two down–like quarks may appear at higher
orders, N > 6. There are no diD¯45 mixing terms, for the left–handed down–like
quarks, due to the conservation ofQL andQC . 〈N
c
i 〉 appears in non–renormalizable
terms which induce dimension four baryon number violating operators [7]. From
the proton lifetime, we get the constraint 〈Nci 〉 ∼ O(TeV ) at most. As a result, the
mixing term in Eq. (10) is at most about O(GeV ) and the others are smaller by
at least an order of magnitude since they appear at higher orders. (Note that the
mixing term in Eq. (10) can be made to vanish by taking 〈Φ13〉 = 0 or 〈Φ
+
3
〉 = 0.)
Now, the 3 × 3 CKM matrix becomes non–unitary because of the new mixing
terms in the 4× 4 down quark mass matrix. (In standard–like superstring models,
CKM matrix arises mainly from the down quark mass matrix [10].) The strongest
bounds on the magnitude of the dc3D45 mixing arise from unitarity of the CKM
matrix (Vij) which imposes |VuD| < 0.07 [12] and |ReV
∗
idVis| < 2.4×10
−5, i = u, c, t
(from flavor changing Z currents [13]). In our case, when dc3D45 mixing is much
smaller thanMD, |VuD| ∼ 〈N
c
3〉/10
3〈ξ3〉 ∼ 10
−3 and |VcD| ∼ |VtD| are (at least) an
order of magnitude smaller. With these results the constraints from unitarity are
easily satisfied. Conversely, since the dc3D45 mixing is very small compared toMD,
there will not be an appreciable violation of unitarity in the 3× 3 CKM matrix.
4. Leptoquark interactions
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The leptoquarks D45 and D¯45 carry color, electric and Z
′ charge and therefore
have strong, electromegnetic and Z ′ gauge interactions. Of these, the Z ′ interac-
tions will be very weak at the TeV scale if the Z ′ gauge boson has a large mass (i.e
MZ′ >> TeV ). Otherwise all gauge interactions of D45 and D¯45 are appreciable
at the TeV scale. In any case, the leptoquarks will be easy to produce in e+e−
or pp collisions. Production of leptoquarks has been investigated in Ref. [14] in
detail. As final states D45 and D¯45 will look like new, very massive, SU(2)L singlet,
down–like quarks.
Yukawa couplings of D45 and D¯45 are more interesting since it is these that
allow D45 and D¯45 to decay into quarks and leptons. In addition, Yukawa couplings
are model dependent and therefore useful to distinguish beteween different models.
The Yukawa couplings allowed by QC and QL conservation are
WY = LiQiD¯45Φ+ eiuiD45Φ +NidiD45Φ (7)
where i is the generation index (i = 3 is the lightest generation in the notation
of Ref. [3].) and Φ is a generic string of SO(10) singlet fields which get VEVs.
Effective Yukawa couplings for the three terms (g1i, g2i, g3i) are obtained from the
VEVs of the string of singlets divided by the proper power of M . Each term in
(11) also has a coefficient which can be calculated exactly and is O(1) [9].
We look for terms which induce effective Yukawa couplings for D45 and D¯45 at
orders N > 3. We find that all kinds of couplings given in Eq. (11) are allowed
for all generations by the gauge symmetries of the model at N = 4 and N = 5.
All of these terms except one vanish due to the string selection rules as given in
Ref. [9]. These selection rules arise from the left–handed U(1) symmetries and
the world–sheet sigma model operators that appear in the vertex operators in the
world–sheet correlators (after picture changing is taken into account). The term
that remains at N = 5 is
WY = L3Q3D¯45Φ45ξ3 (8)
which potentially gives an effective Yukawa coupling of 〈Φ45ξ3〉/M ∼ 10
−2. But
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〈ξ3〉 = 0 due to SUSY, so this term vanishes. (Even after SUSY breaking, 〈ξ3〉/M ∼
10−15 and this term is negligible.) We see that the D45 and D¯45 Yukawa couplings
can only arise from terms at N > 5 in this model. As a result they are at most
∼ 10−3 and probably smaller which means thatD45 and D¯45 have very weak decays
into leptons and quarks.
If the Yukawa couplings ofD45 or D¯45 are not “diagonal”, i.e. D45 or D¯45 couple
to more than one quark and lepton generation, they induce FCNCs. FCNC pro-
cesses such as KL → e
+e− and K+ → pi+νν¯ give the strongest bounds on MD,D¯
and the Yukawa couplings g{1,2,3}i. From the analysis of Ref. [15] we get
|gj2gj3| < 5.65× 10
−8sinθcM
2
D,D¯ (9)
from KL → e
+e−, and a slightly lower bound from from K+ → pi+νν¯. Here j is
the index for the different couplings and θc is the Cabibbo angle with sinθc ∼ 0.2.
With the upper bound of ∼ 10−3 that we obtained for the D45 and D¯45 Yukawa
couplings above, we find that the lower bound on MD,D¯ from FCNCs is MD,D¯ >
10 GeV which is not a constraint at all since the bound from direct searches is
MD,D¯ > 45 GeV . FCNC constraints are severe only for leptoquarks with Yukawa
couplings ∼ O(1) to more than one generation. The same bounds and remarks
also apply to the squark–quark–fermionic leptoquark Yukawa couplings but since
squark masses are very large (and unknown) no useful bounds exist in this case.
D45 and D¯45 can also have diquark couplings such as
W ′ = ucid
c
iD¯45Φ+QiQiD45Φ (10)
(We will call these effective couplings g4i and g5i.) Baryon number (B) violation
imposes severe constraints on the strength of these couplings if there are non–zero
leptoquark couplings like those in Eq. (11). This is because if both leptoquark and
diquark couplings are non–zero at the same time, D45 and D¯45 exchange leads to
very large B violating processes such as QiQi → ujej or uidi → QjLj where i, j
are generation indices.
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Both kinds of diquark couplings for all generations are allowed by the local
symmetries of the model at N = 5 and N = 6. As for the leptoquark couplings,
all these terms except one vanish due to the string selection rules. The term that
remains at N = 5 is
uc3d
c
3D¯45Φ45ξ3 (11)
which vanishes due to SUSY (〈ξ3〉 = 0). Proton lifetime constrains the product of
leptoquark and diquark couplings such that
|g1ig4i|
M2
D,D¯
< 10−32 GeV −2 (12)
or |g1ig4i| < 10
−26 for MD,D¯ ∼ O(TeV ) with a similar bound on |g2ig5i|. This
requires a search up to N = 11 for both kinds of terms (and to higher orders for
one if the other apperars at N < 11) which is difficult to do due to the very large
number of terms at these orders. As before, we assume that if unwanted terms
appear, they can be made to vanish by an appropriate choice of vanishing VEVs.
If this cannot be done, one has to give very large masses to D45 and D¯45 in order
to satisfy the constraint, Eq.(16), from B violation.
5. Discussion and Conclusions
We found that, under certain conditions, standard–like superstring models have
two scalar and two fermionic leptoquarks with MD,D¯ ∼ O(TeV ) and the quantum
numbers given above. MD,D¯ ∼ O(TeV ) only for light (∼ O(100GeV )) squarks and
sleptons. Moreover, D45 and D¯45 have Yukawa couplings to leptoquarks which are
weaker than ∼ 10−3. As we saw, SUSY constraints in the observable and hidden
sectors play an important role in these results. D45 also mixes with the down quark
(and possibly with s and b). These mixings are small enough (compared to MD)
to satisfy the unitarity constraints on the CKM matrix. FCNC constraints on the
leptoquark masses can be easily satisfied due to the small Yukawa couplings. On
the other hand, baryon number violation may impose severe constraints on MD,D¯
if there are Yukawa couplings to both leptoquarks and diquarks at low N .
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Leptoquarks also appear in E6 Calabi–Yau (CY) and flipped SU(5) × U(1)
models. We now compare these with the leptoquarks of standard–like model dis-
cussed above. In CY models, leptoquarks are in each 27 of E6, i.e. there is a
leptoquark pair for each generation. In the SU(3)3 CY model [16], leptoquarks
get masses at ∼ 1012−14 GeV where the gauge symmetry is broken spontaneously
and decouple from the spectrum. In CY models with a rank 5 gauge group (e.g.
SU(3)×SU(2)×U(1)2 [14]) leptoquarks are light because the superpotential con-
tains (for each generation)
W = λ1H1H2N + λ2DD¯N (13)
in addition to leptoquark and diquark couplings of the form given in Eqs. (11) and
(14). Here N is a SO(10) singlet whose VEV gives the Higgs mixing as well as the
leptoquark masses. Since Higgs mixing has to be < O(TeV ) in order to get weak
symmetry breaking, MD,D¯ < O(TeV ) as in our case. Note that in the CY model
the scale of leptoquark masses is correlated with the Higgs mixing. If Higgs mixing
is small, then MD,D¯ can be smaller than O(TeV ). There is no such connection
between Higgs mixing and leptoquark masses in standard–like models. Instead, the
correlation is between the scale of the sparticle spectrum and leptoquark masses
via the gravitino mass.
In CY models, either the leptoquark or the diquark Yukawa couplings (or both)
are eliminated by the discrete symmetries (−1)3B or (−1)L respectively. (B and
L are baryon and lepton numbers respectively.) The one which is not eliminated
is, in general, ∼ O(1). In our case, the Yukawa couplings are at most ∼ 10−3
and probably smaller. Also the discrete symmetries of CY models do not exist
in standard–like models since B and L are not good quantum numbers but only
(local) B − L is. The explicit terms in Eqs. (12) and (15) are counterexamples to
these discrete symmetries.
Flipped SU(5)×U(1) models [2] must also have leptoquarks (called vector–like
heavy quarks) in 5 or 10 representations of SU(5) for the gauge coupling unification
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scale to be about the string unification scale, 1018 GeV [17]. In the minimal case,
only one pair of these is needed but cases with more than one pair are also possible.
The leptoquark mass, in this case, can be computed from the requirement of gauge
coupling unification and is given by [17]
mD = 12.4
(
TeV
m˜
)37/12
× (11.04±1)GeV (14)
where m˜ is the gaugino or squark mass. Thus, mD can easily be around or less than
the TeV scale as in our case. It has been noted that, in these models, squark masses
decrease as the leptoquark masses increase which is exactly the opposite of what
happens in standard–like models. This point may be instrumental in distinguishing
between them. Much cannot be said about (leptoquark induced) B and L violation
in the flipped SU(5) case since the Yukawa couplings of leptoquarks have not been
calculated.
If TeV scale leptoquarks are observed, one can think of a number of scenarios in
which it would be possible to distinguish between the different superstring models.
For example if a) more than one pair of leptoquarks or b) leptoquarks with Yukawa
coupligs of O(1) or c) sparticle masses much larger than O(100 GeV ) are observed,
standard–like models will probably be ruled out. If no leptoquarks are observed
at the TeV scale, both standard–like models and SU(3)3 CY models are possible
but the rank 5 CY and flipped SU(5) models are not. Finally, if the amount of
Higgs mixing turns out to be different than leptoquark masses rank 5 CY models
are ruled out. Standard–like and flipped SU(5) leptoquarks are very similar to
each other. It seems that the only way to distinguish between them, until Yukawa
couplings of the latter are known in more detail, is by considering the sparticle
mass scales in these models. Then one can use the correlation (anti–correlation)
between sparticle and leptoquark masses as a possible signature of standard–like
(flipped SU(5)) models.
The leptoquarks of standard–like models are also interesting because of their
mixing with the down–like quarks. Since the CKM matrix is determined mainly by
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Md in these models [10], one may try to obtain the quark mixing only from these
terms. In fact, this idea has been explored in flipped SU(5) models in a qualitative
manner [18]. In addition, this mixing may realize the Nelson–Barr mechanism
which is a possible solution to the strong CP problem, naturally. These issues are
currently under investigation and will be reported in the future.
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